Abstract-The survey for types and fabrication methods of aluminum matrix composite materials discretely reinforced with ceramic particles and nanoparticles of refractory compounds is given. It is shown that the azide technology of self propagating high temperature synthesis (SHS Az), which uses sodium azide NaN 3 as a solid nitriding agent, makes it possible to fabricate numerous comparatively inexpensive micropowders and nanopowders of nitrides, carbonitrides, carbides, and their compositions, which are of interest for the reinforcement and modification of aluminum alloy. Along with the mentioned target ceramic particles, the SHS Az product contains side haloid salts (sodium and potassium chlorides and fluorides), which can play the role of fluxes with the addition of ceramic particles into the aluminum melt. The results of experiments on the introduction of the nanopowder composition into the melt of AK6M2 alloy, %, β SiC 48.6, α Si 3 N 4 27.0, β Si 3 N 4 5.8, and Na 3 AlF 6 18.6 in the composition of the compacted pseudo-master alloy with the cop per powder, which evidence the modifying effect, are presented.
INTRODUCTION
A problem of the general replacement of steel by aluminum alloys and composites based on them becomes increasingly urgent because of rising require ments for aviation and automobile transport in regards to decreasing weight, fuel consumption, and emission of harmful discharge gases and impurities [1] . How ever; strength, crack resistance, hardness, wear resis tance, and dimensional stability of refractory alumi num alloys should substantially be increased with the provision of their economical efficiency. These prob lems can be largely solved both due to modification and mainly by reinforcing aluminum alloys, i.e., the creation of aluminum matrix composites [2, 3] .
In this article we consider only disperse reinforced alloys, the aluminum matrix of which contains rein forcing ceramic particles of refractory compounds: oxides (Al 2 O 3 ), nitrides (Si 3 N 4 , AlN), carbides (SiC, TiC, B 4 C), borides (TiB 2 ), etc. Such alloys can be applied as discrete reinforced aluminum matrix com posite materials (CMs) at an elevated content of the ceramic reinforcing phase, and some of them can be used as effective modifying foundry alloys of alumi num alloys at a low fraction of the reinforcing phase [2] [3] [4] . Disperse reinforced CMs favorably differ from fibrous and layered ones by the isotropy of their prop erties, universality, and comparative simplicity of the fabrication technology, in connection with which dis perse reinforced CMs found wide application in transport machine building; aluminum matrix com posite materials (AMCMs) are in first place in regards to application volume among them [3, 4] . The intro duction of refractory, high strength, and high moduli ceramic particles, which are insoluble in the matrix metal, into the structure of plastic Al alloys provides high mechanical characteristics, including the condi tions of elevated temperatures (to 500°C) with the conservation of a small specific weight and other prop erties of aluminum.
AMCMs are fabricated mainly by solid phase methods of powder metallurgy or liquid phase foundry methods. Currently, more manufacturable and low cost liquid phase methods, which leads to the formation of a strong interphase bond necessary to provide high mechanical properties of composites, are dynamically developed and incorporated [4, 5] . The authors of [6] evaluated the influence of the fabrica tion technique on the mechanical and tribotechnical properties of Al-Al 2 O 3 and Al-SiC composites. Dis persed Al 2 O 3 and SiC particles with an average size of 15-20 and 55-60 μm, respectively, were compacted with the aluminum powder and sintered (solid phase method) or mechanically admixed into the pure alu minum matrix melt (liquid phase method). The com posite samples fabricated according to the second method possessed higher (by a factor of 1.5-2) hard ness and strength, as well as higher wear resistance, than ones fabricated according to solid phase tech nology.
The liquid phase combination of matrix melts with dispersed fillers can be performed both by the intro duction of ready exogenous reinforcing particles into the matrix melt (ex situ), for example, by mechanical admixing, and by performing chemical reactions of the synthesis of endogenous reinforcing particles immediately in the melt (in situ). Each approach has its own advantages and disadvantages. The first is characterized by manufacturing simplicity and the possibility of using standard foundry equipment; how ever, the process can be complicated by the poor wet tability by metal of reinforcing particles, the surface of which is contaminated by oxides, moisture, and adsorbed gases, and accompanied by strong gas satu ration and oxidation of the matrix melt. This is resulted in a decrease in the strength of adhesion bonds of the matrix melt with reinforcing particles. In the second case, in situ chemical reactions form ther modynamically stable reinforcing phases with fresh surfaces having no contaminations on the surface and with better adhesion properties in the matrix. How ever, the nomenclature of reinforcing phases is restricted by the products of reaction active compo nents. In addition, the melt in the in situ technology also should be stirred for the uniform distribution of synthesized phases over the matrix volume.
Well known foreign companies DURALCAN, ALCAN, and ALCOA are pioneers of the industrial development of AMCMs reinforced by Al 2 O 3 and SiC particles. One of the most important and most devel oped production processes is the liquid phase method of stirring by the Duralcan impeller [7] . Usual alumi num alloys and ceramic particles 10-12 μm in size can be used in the Duralcan process, while the reinforcer fraction is increased to 25 vol %. The Duralcan com posites are produced by serial parties in the form of casts and ingots.
Other ceramic particles such as TiC, B 4 C, TiB 2 , Si 3 N 4 , AlN, TiN, and mixtures of various particles can be used as the dispersed reinforcing phase in AMCMs, along with the most widespread Al 2 O 3 and SiC ceramic particles [8] . The authors of [9] investigated the fabrication of cast AMCMs of the composition (vol %) Al-10TiC, Al-10B 4 C, and Al-5TiC-5B 4 C by the mechanical admixing of the particles of TiC and B 4 C carbides with an average size of 30 μm into the aluminum melt with a temperature of 800-1000°C. It was shown that the preliminary calcination of the par ticles at t = 600-800°C for 1 h and introduction of 5-10 vol % Na 3 AlF 6 cryolite flux into the melt plays an important role in the wetting of the ceramic particles and their uniform distribution in the melt. An Al-TiB 2 composite with an average size of ceramic particles of 0.93 μm was fabricated in situ due to the reaction between TiO 2 and H 3 BO 3 in the presence of the Na 3 AlF 6 flux in the aluminum melt at t = 950°C [10] . The Al-Si 3 N 4 composite can be fabricated by various methods (powder metallurgy, infiltration of the porous skeleton, and admixing into the melt) applying the Si 3 N 4 ceramic particles with sizes from submicron to 100 μm [11] [12] [13] . Researchers note the poor wettabil ity of Si 3 N 4 particles with liquid aluminum, which can be improved, for example, by the deposition of coat ings on ceramic particles [13] . The technology of pow der metallurgy was used to fabricate Al-TiN compos ites with contents of ceramic particles of 10 and 30 wt % [14] . The Al-AlN composite was fabricated in situ when blowing the melt of the aluminum alloy with 15% magnesium with gaseous nitrogen, and the size of the AlN ceramic particles depends on the blow ing time: 1-3 μm on average at τ = 6 h and ~0.4 μm at τ = 8 h [15] .
Mixtures of ceramic particles of various forms are also applied for the reinforcement of aluminum alloys, for example, for hybrid reinforcement SiC-Al 2 O 3 , SiC-B 4 C, SiC-C, SiC-Si 3 N 4 , Al 2 O 3 -Si 3 N 4 , AlNTiN, and other mixtures of particles [16] [17] [18] [19] [20] . Hybrid reinforcement makes it possible to use the advantages of the particles of both types, in particular, to combine high hardness and wear resistance of the composite with a low friction coefficient.
However, the application of ceramic particles from 0.5 to 50 μm in size for the reinforcement of aluminum alloys, along with positive effects, leads to such disad vantages as low crack resistance, low hardness and strength at elevated temperatures, and poor mechani cal manufacturability [21] . These disadvantages can be overcame with a decrease in size of reinforcing ceramic particles to the nanolevel (smaller than 0.1 μm, or <100 nm). In this case, other mechanisms of reinforcement start to operate and a considerable variation in properties of aluminum matrix composites is attained with a substantially lower content of the reinforcing phase [21, 22] . For example, reinforcing the aluminum alloy 7075 with SiC nanoparticles (50 nm) in the amount of 1 vol % leads to the same increase in wear resistance and lowering of the high temperature creep rate as reinforcement with micron size SiC particles (13 μm) in an amount of 10 vol % [23] . Surveys of methods and results of using the ceramic nanoparticles to reinforce AMCMs are pre sented in [21] [22] [23] [24] [25] [26] .
At the same time, the introduction into the pro duction of aluminum matrix composites reinforced with nanodispersed particles is complicated by a series RUSSIAN of unsolved manufacturing and economical problems. For example, the introduction and uniform distribu tion of nanopowders in the aluminum melt is a serious problem compared with the application of coarser powders, since nanoparticles easily conglutinate into agglomerates and are poorly wetted with liquid metal. A noticeable residual porosity, low adhesion of the matrix with nanoparticles, and considerable cost of production are inherent to solid phase methods of powder metallurgy. When producing an Al-AlN com posite by blowing the melt with nitrogen, it is neces sary to hold the melt at a high temperature for hours; this substantially increases the power consumption of the process. Finally, the known ceramic nanopowders, which are available for the production of reinforced aluminum alloys, are very expensive. Nanopowders of oxides, carbides, and nitrides fabricated by the energy intensive technology of plasmachemical synthesis with expensive and complex equipment, the cost of which ranges from 20000 to 60000 rubles per 1 kg, are cur rently available on the Russian market [27] .
The use of achievements of a simple energy saving powder technology based on the self propagating high temperature synthesis (SHS) of refractory chem ical compounds (carbides, nitrides, borides, oxides, etc.), which was invented in 1967 by Academician A.G. Merzhanov in collaboration with Prof. I.P. Borovinskaya and Prof. V.M. Shkiro [28] [29] [30] , can make a noticeable contribution to solving these prob lems. There are more than 20 varieties of the SHS pro cess for obtaining diverse nanodimensional ceramic powders which can be applied to reinforce AMCMs. It was shown in [31] that the contribution of SHS, for example, to the creation of cast aluminum matrix composite alloys discretely reinforced by nanodimen sional ceramic particles could be in general introduced by three directions:
(i) the synthesis of lower cost ceramic nanopowders for their subsequent introduction into the matrix melt (ex situ);
(ii) the introduction of ready ceramic nanoparti cles into the matrix melt (ex situ) with the help of the SHS process, which forms a large temperature gradi ent and chemical potential, thereby promoting the wetting and uniform distribution of nanoparticles; (iii) the synthesis of low cost reinforcing ceramic nanoparticles immediately in the aluminum melt (in situ) with the provision of their strong adhesion to the matrix.
In this study we complete the following step in investigations and consider more concretely the ceramic nanopowders of azide SHS technology and how they can be used for the reinforcement and mod ification of aluminum alloys, including the ex situ liq uid phase technology.
NANOPOWDER PRODUCTION OF AZIDE SHS TECHNOLOGY
Azide technology of self propagating high temper ature synthesis (SHS Az), which enables the acquisi tion of numerous micropowders and nanopowders of nitrides, carbonitrides, carbides, and compositions based on them using sodium azide (NaN 3 ) powder as the nitriding reagent instead of gaseous or liquid nitro gen, has been developed at the Samara State Technical University starting from 1970 [29, 32, 33] . A notice able role in SHS Az technology is also played by the use of powders of haloid salts, which neutralize flam mable atomic sodium evolving in the combustion wave during the decomposition of sodium azide and are often the precursor of the nitriding element, in the ini tial mixture; therefore, SHS Az technology is based on the combustion of the starting mixture of powders "element + sodium azide + haloid salt."
Let us present typical SHS Az reactions: 4Ti + NaN 3 + NH 4 Cl → 4TiN + NaCl + 2H 2 ↑, It is seen from these examples that azide SHS tech nology enables the manufacture of many ceramic powders which are applied to reinforce AMCMs. Low combustion temperatures and the formation of a large amount of side products-both gaseous and con densed, which complicate the coalescence and increase in sizes of initial particles of synthesis prod ucts and enable their conservation in the nanosize and microsize states-are characteristics of SHS Az pro cesses. Side condensed products are haloid salts in this case-sodium and potassium chlorides and fluorides (NaCl, NaF, and KF), which are easily separable from the target product by washing with water. A side prod uct-cryolite Na 3 AlF 6 -is formed in the case of the synthesis of the composition of silicon carbide nanop owder with silicon nitride whiskers [34] . However, it should be noted that listed side salts constitute typical fluxes for refining and modifying the aluminum alloy melts [35] and, as was noted above, are already applied to improve wetting of the ceramic particles during the liquid phase fabrication of AMCMs. Therefore, we can assume that, when using the SHS Az product for liquid phase reinforcement or modifying aluminum
alloys, this product should not be washed to remove side salts, which can play a positive role in fluxes and promote the introduction of ceramic micropowders and nanopowders into the aluminum melt and their uniform distribution when fabricating AMCMs. The necessity of performing an additional operationwashing the synthesis product in distilled water, which is usually considered a disadvantage of azide SHS technology-is excluded in this case, while the pres ence of side salts becomes its advantage.
To verify this assumption, we performed a corre sponding experiment in order to show the prospects of applying the ceramic micropowders and nanopowders of the SHS Az brand for reinforcing and modifying aluminum alloys using the example of modification using the SiC-Si 3 N 4 nanopowder composition. An evaluation of the cost of nanopowders of the SHS Az brand indicates that they can be lower cost than simi lar nanopowders of plasmachemical synthesis by a fac tor of 2-3 due to the simplicity of technology and equipment.
EXPERIMENTAL
As the modifying additive we used a composition of nanodimensional particles of silicon carbide and nitride with the side product-cryolite Na 3 AlF 6 -of the composition: β SiC 48.6, α Si 3 N 4 27.0, β Si 3 N 4 5.8, and Na 3 AlF 6 18.6 wt % [34] . Silicon carbide con sisted of spherical nanoparticles 70-130 nm in size, and silicon carbide consisted of nanofibers about 100 nm in diameter (Fig. 1) .
We initially attempted to directly introduce the SHS Az powderlike product in a bulked form by its admixture into the aluminum melt at 800-850°C. However, a porous conglomerate of metallized parti cles, which floated on the melt surface, emerged in this case. This phenomenon was initially associated with a high oxidation probability of ceramic nanopar ticles and aluminum on the melt surface and the emer gence of oxide films. Particles that were introduced were captured by the oxide film and formed a con glomerate which was not assimilated by the melt. This fact confirmed once more the known conclusion on the practical impossibility of directly introducing nan opowders by their admixture into the aluminum alloy melts [24] [25] [26] .
To introduce and assimilate nanoparticles, it is necessary to use nanopowder pseudo-master alloys [24] [25] [26] . The pseudo master alloy is a mechanical mixture of the powders of refractory and low melting elements in a definite ratio pressed into a briquette, which is added into the melt for alloying with poorly soluble elements (titanium, chromium, etc.) [2] . A decrease in waste and an increase in the assimilation rate of alloying elements by the melt are attained by this measure. If the powder should be introduced, its mixture with plastic carrier powder (aluminum, tita nium, or copper) is prepared; this mixture is subjected to mechanical activation and compacted into bri quettes of the nanopowder pseudo master alloy, which are further introduced into the aluminum melt [24⎯26]. We selected copper as a carrier of the compo sition of our light ceramic nanopowders, allowing for its high density (8200 kg/m 3 ) compared with the alu minum melt.
To fabricate the modifying nanopowder pseudo master alloy, the SHS Az product, along with copper powder finer than 180 μm in ratio 9 : 1, was loaded into a planetary mill vessel and mixed for 2 min with a rota tion velocity of 1500 rpm. The prepared mixture was compacted with a compacting force of 4.8 t into rods 10 mm in diameter with a content of the SiC-Si 3 N 4 nanodispersed modifying composition of 8-12%. The AK6M2 industrial aluminum alloy (GOST (State Standard) 1583-2003) was modified.
The surface topography and elemental composi tion of the modified alloy samples were investigated using a Jeol JSM 6390A scanning electron microscope with a Jeol JED 2200 electron probe microanalysis (EPMA) attachment. The phase composition was ana lyzed using an ARL X'TRA automated X ray diffracto meter.
The Brinell hardness was measured using a TSh 2M hardness meter at a ball diameter of 2.5 mm. The ultimate strength and relative elongation were determined using an R 5 tensile testing machine.
RESULTS AND DISCUSSION
The use of rods of the nanopowder pseudo master alloy with copper allowed us to introduce a small amount (~0.02%) of SiC and Si 3 N 4 modifying nano particles with Na 3 AlF 6 flux into the melt at 800-850°C. Figure 2 shows a microstructure of the AK6M2 alloy before and after modification.
The table presents the sizes of phase components of the AK6M2 alloy before and after modification.
It is seen from the table that the introduction of the modifier based on the synthesized SHS Az nanopow der leads to a decrease in the dendrite size of α Al by a factor of 2.5.
The X ray phase analysis (XPA) of alloy samples showed the presence of aluminum (alloy matrix), cop per aluminide CuAl 2 , and aluminum oxide Al 2 O 3 . In view of a small fraction of introduced silicon carbide and nitride, the XPA did not reveal their presence. To confirm the presence of SiC and Si 3 N 4 particles, we performed an elemental analysis of the modified alloy samples using the scanning electron microscope with the EPMA attachment. The results of the elemental chemical analysis of the phase occurring at grain boundaries showed the traces of silicon and fluorine. Since fluorine is introduced into the alloy in a form of cryolite only, we can conclude that the silicon nitride and carbide particles are arranged inside studied phases. Particles with a cubic lattice (β SiC and 600 μm 100 μm 600 μm 100 μm Sizes of phase components of the AK6M2 alloy β Si 3 N 4 ) and trigonal lattice (α Si 3 N 4 ) are present in the composition of introduced nanopowders. Bearing in mind the structural correspondence principle by Dankov, we should expect that the particles with a cubic lattice be arranged inside the grains, while those with the trigonal lattice are arranged at grain bound aries. This fact is indirectly confirmed by the absence of carbon traces at the intergranular interface.
Tests of strength characteristics showed that modi fying the AK6M2 alloy by a pseudo master alloy based on SiC and Si 3 N 4 nanoparticles and Na 3 AlF 6 flux fab ricated by the SHS Az method enabled increasing the Brinell hardness by 20%, relative elongation by a fac tor of 3, and ultimate strength by 20% relative to the properties of the AK6M2 unmodified alloy.
CONCLUSIONS
Azide SHS technology enables the manufacture of numerous micropowders and nanopowders of nitrides, carbonitrides, carbides, and compositions based on them, which are of interest for the reinforcement and modification of aluminum alloys, in the combustion mode. Nanopowders of the SHS Az brand can be lower cost than similar nanopowders of plasmachem ical synthesis by a factor of 2-3 due to the simplicity of technology and equipment.
In addition to target ceramic micropowders and nanopowders, SHS Az final products contain side products (sodium and potassium chlorides and fluo rides including cryolite), which can be used as fluxes for the liquid phase reinforcement. Attempts to directly introduce a SHS Az powderlike product in the bulked form by admixing into the aluminum melt at 800-850°C are unsuccessful, while in the composi tion of the compacted pseudo master alloy they are performable with their assimilation by the melt. The application of such a nanopowder pseudo master alloy for modifying the AK6M2 alloy leads to refining the dendrite grain in α Al by a factor of 2.5 and increasing their number by a factor of 5, as well as to an increase in the ultimate strength by 20%, relative elongation by a factor of 3, and hardness by 20%.
